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Dysfunction of the p53 network is a major cause of cancer development, and selective elimination of 
p53-inactivated cancer cells therefore represents an ideal therapeutic strategy. In this study, we performed a 
microRNA target screen that identified NEK9 (NIMA-related kinase 9) as a crucial regulator of cell-cycle 
progression in p53-inactivated cancer cells. NEK9 depletion selectively inhibited proliferation in 
p53-deficient cancer cells both in vitro and in vivo. The resultant cell-cycle arrest occurred predominantly in 
Gl phase, and exhibited senescence-like features. Furthermore, NEK9 repression affected expression of a 
broad range of genes encoding cell-cycle regulators and factors involved in mRNA processing, suggesting a 
novel role for NEK9 in p53-deficient cells. Lung adenocarcinoma patients with positive staining for NEK9 
and mutant p53 proteins exhibited significantly poorer prognoses, suggesting that expression of both 
proteins promotes tumor growth. Our findings demonstrate that a novel NEK9 network regulates the 
growth of cancer cells lacking functional p53. 



The p53 tumor- suppressor pathway is the most important cellular network involved in preventing trans- 
formation of normal cells following exposure to various oncogenic insults'. In response to oncogenic stress, 
p53 activation leads to cell-cycle arrest, allowing for repair of damage and survival, or apoptosis, allowing for 
elimination of damaged cells, through stimulus-dependent transactivation of its target genes''. Cancer genome 
sequencing studies have shown that TP53 is one of the genes most frequently mutated in human cancers ^ ''. Thus, 
dysfunction of the p53 signaling pathway(s) is a major cause of tumor onset and/or progression in almost all 
human cancers^. Furthermore, the molecular network(s) specifically activated in p53-deficient contexts may 
promote proliferation of cancer cells. Several lines of evidence strongly suggest that rP53 mutations contribute to 
maintenance of the malignant gain-of-function phenotypes of cancer cells, including cell-cycle progression and 
activation of cell migration, as well as loss of wild- type tumor-suppressor functions'". In light of this novel concept, 
mutant p53 is an attractive target for therapeutics directed against a wide range of cancers. 

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression at the post-transcriptional 
leveF. Dysfunction of miRNAs is deeply involved in cancer development". Many miRNAs are oncogenic and/or 
tumor-suppressive factors'; in particular, several miRNAs serve as intrinsic mediators that coordinate the p53 
tumor-suppressor network in response to oncogenic stresses'". Each miRNA represses expression of a distinct set 
of target genes, determined in part by cellular characteristics influenced by p53 mutation status; consequently, 
these miRNAs induce different phenotypes in different cancer cells" '*. Thus, by exploiting their ability to affect 
the regulation of specific oncogenic or tumor-suppressive networks, individual miRNAs can be used as screening 
tools to identify' therapeutic molecular targets in cancer cells. 

Previously, we showed that miR-22, which acts on the p53 network, induces cell death in cancer cells with wild- 
type p53. On the other hand, it induces cell-cycle arrest in p53-mutant cancer cells that express CDK6, CDK3, 
SIRTl, and HDAC4, which are critical factors involved in cell-cycle progression and potential targets of 
This finding led us to hypothesize that miR-22 has a unique set of target genes that determine the fate of cancer 
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Figure 1 | Identification of NEK9 by miRNA target screen. (A) Fold changes in expression (miR-22/'MC) of 14 cell-cycle regulators, shown as a heat map. 
Red letters indicate potential miR-22 target genes identified by in silico analysis. (B) Relative expression levels of five mRNAs identified by this screen were 
quantitated using TaqMan qRT-PCR assays. GAPDH was used as an internal standard. (Lane 1: HCT116; Lane 2: SW480; Lane 3: HCT116 p53 ' ). 
(C) Protein levels of candidate genes in the presence of miR-22 were determined by immunoblot analysis. A 70 kDa protein that stained with amido black 
was used as a loading control. The original full scan images are available in Supplementary Figure 7. (D) Cell proliferation assay. Cells were counted 72 h 
after transfection with specified siRNAs, indicated below the graph. Two siRNAs, designated 1 and 2, were used to knock down each gene. Error bars 
indicate standard deviation (SD, n = 3). 



cells according to their p53 mutation status. In this study, using miR- 
22 as a screening tool, we tried to identify factors that play important 
roles in proliferation and/or cell-cycle progression of p53-mutant 
cancer cells. The screen identified NIMA-related kinase 9 (NEK9) 
as such a factor. Both in vitro and in vivo, NEK9 depletion inhibited 
cell growth only in p53-mutant cancer cells, and expression of the 
NEK9 open reading frame (ORF) in NEK9-knockdown (KD) cells 
restored cell proliferation. Furthermore, NEK9 KD in cancer cells 
induced senescence-like changes ascribed to prolonged Gl arrest or 
slowdown of cell-cycle progression. In addition, human lung adeno- 
carcinoma patients with expression of both NEK9 and mutant p53 
proteins exhibited significantly poorer prognoses, suggesting that 
NEK9 expression confers growth advantages on p53 mutant tumors. 
Taken together, our findings strongly suggest that the NEK9 net- 
work, which is selectively activated in p53-deficient contexts, is a 
crucial cellular pathway responsible for the growth capacity of cancer 
cells lacking functional p53. 

Results 

Identification of NEK9 by miRNA target screen. To identify targets 
selectively repressed in p53 mutant (MUT) and knockout (KO) cells, 
we compared changes in mRNA levels resulting from miR-22 
expression between cancer cell lines with p53 KO, MUT, or wild- 
type (WT). As depicted in Supplementary Figure 1, we first chose the 
genes down- regulated in both p53 MUT and KO cells by miR-22, and 
compared their expression levels in p53 WT cells, and then selected 
genes exhibiting a differential response to miR-22. Furthermore, we 
narrowed-down the candidate genes classified as encoding cell-cycle 
regulators in the Gene Ontology database. The resultant 14 genes 
were down-regulated by miR-22 expression to greater extents in p53 
MUT and KO cell lines than in WT cells (Fig. lA, Supplementary 
Table 1). Finally, we searched for miR-22 targets among these 14 
genes by in silico analysis using miRWalk database (http://www. 
umm.uni-heidelberg.de/apps/zmf/mirwalk/), and found that five of 
these genes are direct targets of miR-22 (red genes in Fig. lA). 



Quantitative RT-PCR analysis confirmed that these five genes 
were significantly down-regulated by miR-22 in both p53 KO and 
MUT cells, relative to WT cells (Fig. IB). MiR-22 expression signifi- 
cantly decreased the level of NEK9 and SHCl proteins in both p53 
KO and MUT cells, but did not affect the levels in WT cells (Fig. IC). 
Furthermore, siRNA-mediated knockdown (KD) of the five pre- 
dicted miR-22 targets revealed that only NEK9 depletion signifi- 
cantly suppressed proliferation in MUT cells; however, NEK9 KD 
did not affect proliferation in WT cells (Fig. ID). Using a reporter- 
gene assay, we verified that NEK9 mRNA is a direct target of miR-22 
(Supplementary Figure 2). Based on these results, we concluded that 
NEK9 is an miR-22 target gene whose repression specifically sup- 
presses growth of p53-mutant cancer cells. 

NEK9 expression is required for proliferation of p5 3 -inactivated 
cancer cells. To confirm that NEK9 depletion specifically suppresses 
growth of p53-mutant cells, we knocked down this protein in a set of 
cancer cell lines with different p53 mutation status (Fig. 2A, 
Supplementary Figure 3A). NEK9 KD significantly suppressed the 
growth of three cancer cell lines with p53 mutations, but did not 
affect the growth of three cancer cell lines with WT p53. In four 
subsequent experiments, we verified that the effect of NEK9 KD 
depended on p53 status. First, we stably knocked down p53 in 
HCT116 cells, which normally express WT p53, via expression of a 
specific shRNA. NEK9 KD significantly decreased growth in p53 KD 
cells, but not in cells expressing a control shRNA (Fig. 2B, 
Supplementary Figure 3B). Second, we established HI 299 cell lines 
(a p53-null lung cancer cell line) that exogenously expressed either 
WT p53 or one of four p53 mutants (Supplementary Figure 3C). 
Three of the mutants, R175H, R273H, and R249S, are frequently 
observed in a variety of human cancers (lARC p53 database, 
http://p53.iarc.fr/); the fourth, R280K, is less common. In H1299 
cells expressing mutant p53, but not in those expressing WT p53, 
siRNA-mediated NEK9 KD significantly suppressed growth 
(Fig. 2C). NEK9 KD also suppressed colony formation (Fig. 2D) 
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Figure 2 | Depletion of NEK9 inhibits proliferation of p53-inactivated cancer cells. (A) Cells were counted 3 days (or 4 days, for Ma2 and H2009 
cells) after transfection with either 2 nM NEK9 siRNA (#1 or #2) or non-targeting control (siNC). Error bars indicate SD (fi = 3). (B) HCT116 cells in 
which p53 was stably knocked down were transfected with 5 nM siRNAs, and the cell number was determined. (C) H1299 transfectants expressing WT 
p53 or one of four p53 mutants were depleted of NEK9, and then subjected to proliferation assays. Error bars indicate SD (« = 3). (D) Colony-formation 
assay on culture dishes was conducted using RKO (p53 WT) and SW480 (p53 MUT) cells, transfected with 2 nM NEK9 siRNAs or NC siRNA, and then 
allowed to grow for 9 days. Representative images of the colonies, stained with crystal violet, are shown on the left; colony counts are shown in the graph 
on the right. Three independent experiments yielded similar results; error bars indicate SD (« = 3). (E) Images of colonies of NEK9 KD cancer cells are 
shown at left, and the graph indicates the number of colonies. Error bars indicate SD (« = 3). (F) Expression of NEK9 protein after knockdown of 
endogenous NEK9. SW480 cells were co-transfected with NEK9 siRNAs (#3 and #4) targeting the 3 ' UTR region of its mRNA and a siRNA-resistant NEK9 
ORE expression vector. KD or expression of Halo-tagged NEK9 was determined by IB. WT and MUT (T210A) indicate wild-type and T210 mutant 
(kinase-inactivated) of NEK9, respectively. The original fuU scan images are available in Supplementary Figure 7. (G) Cell proliferation assay for NEK9 
ORF-expressing cells. Cell counts are expressed relative to the count in the negative control (i.e., co-transfected with NC siRNA and vector control), 
which was normalized to 1 . 



and anchorage-independent growth of MUT cells (Fig. 2E). Third, 
we asked whether NEK9 protein expression would restore cell 
proliferation in p53-mutant cells. Endogenous NEK9 was knocked 
down by siRNA targeting the 3'UTR of NEK9 mRNA, followed by 
expression of a cDNA encoding an siRNA-resistant NEK9 ORE 
(Fig. 2F), and then the cells were counted. As shown in Fig. 2G, 
NEK9 re-expression restored cell growth after KD of endogenous 
NEK9. Expression of an amino-acid-substituted form of NEK9, 
T210A, in which an autophosphorylation site required for kinase 
activity of NEK9 is altered"", also complemented the inhibition of 
cell proliferation after NEK9 KD, suggesting the possibility that 
kinase activity is not required for the growth-promoting function 
(Fig. 2F and G). Fourth, we evaluated the effect of a NEK9 siRNA/ 
drug-delivery system (DDS) carrier complex on cell proliferation in 
p53-mutant xenograft tumors consisting of SW480 cells, derived 



from a p53-mutant human colon cancer, in mice. As indicated in 
Fig. 3A, the siRNA/DDS carrier complex was administered into 
transplanted tumors five times at 2-day intervals, and tumor size 
was measured at every 2 days. In these animals, NEK9 KD 
markedly inhibited in vivo growth of p53 mutant cancer cells, but 
not of p53 WT cells (Fig. 3B, C, and D), providing fiirther evidence 
that NEK9 contributes to cell proliferation in p53-mutant cancer 
cells. Taken together, these results clearly indicate that p53 
deficiency makes cells dependent on NEK9 for proliferation, both 
in vitro and in vivo. 

Inhibition of Gl-S progression and induction of senescence-like 
features by NEK9 KD. Because NEK9 regulates proper positioning 
of bipolar spindles''"^", we hypothesized that NEK9 KD prevents G2/ 
M progression. In flow- cytometry analysis, however, NEK9 KD had 
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Figure 3 | Growth inhibition of p53-mutant xenograft by NEK9 siRNA. (A) Schedule of administration of NEK9 siRNA into SW480 or HCT 116 
xenografts. Arrows show the days on which injections of siRNA/in vivo-jetPEI complex were administered. (B) SW480 and HCT 116 cells were inoculated 
into the backs of nude mice (n = 4), and siRNAs (NEK9 or negative control [NC] ) in complex with drug-delivery carrier were injected on the specified 
days (arrows at the bottom of the graph). Tumor volume is expressed as a percentage (%) relative to the volume at the time of the first siRNA injection 
(day 0). Error bars indicate SD (n = 4). A left graph indicates tumor growth of p53 WT HCT 116 cells. A right graph is p53 mutant SW480. 
(C) Representative images of mice with xenograft tumors are shown on the left (HCT 116) and right (SW480). (D) Comparison of xenograft tumors 
injected with NC (upper panel) and NEK9 siRNA (lower panel). 



no significant effect on the fraction of cells in G2/M phase; rather, in 
the two p53-mutant cell lines SW480 and PANCl, NEK9 KD 
significantly increased the Gl -phase population while significantly 
decreasing the S-phase population (Fig. 4A). We obtained similar 
results in HI 299 transfectants expressing p53 mutants, as well as in 
p53 KD HCT116 cells (Supplementary Figure 4). These data 



indicated that NEK9 is necessary for the Gl-S transition in p53- 
deficient cancer cells. 

The growth arrest resulting from NEK9 KD was associated with 
flattened and enlarged cellular morphologies typical of cellular sen- 
escence. Consistent with this, the cells stained positively for 
senescence-associated P-galactosidase (SA-P-gal) (Fig. 4B). Flow- 
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Figure 4 | NEK9 KD induces Gl arrest with senescence-like features and broad changes in gene expression profile. (A) Seventy-two hours after 
transfection with 2 nM siRNA, cells were subjected to flow-cytometry analysis. Error bars indicate SD of three independent experiments. (B) SW480 cells 
were transfected with 5 nM siRNAs and incubated for 7 days. (C) SA-P-gal-positive cells were quantified by flow cytometry using CnFDG as a 
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cytometry analysis^' confirmed that SA-P-gal staining increased 
upon NEK9 depletion to a much greater extent in p53-mutant cells 
than in p53 WT cells (Fig. 4C). These results strongly suggest that 
depletion of NEK9 causes senescence-like phenotypic changes in 
p53-deficient cancer cells, because such cells require NEK9 function 
to progress from Gl to S phase. 

Induction of broad changes in the gene expression profile upon 
NEK9 KD. To further elucidate the molecular connection between 
NEK9 depletion and cell-cycle arrest/senescence, we analyzed 
changes in mRNA expression profiles following NEK9 KD in p53- 
MUT cells. NEK9 KD caused broad changes in gene expression in 



p53-deficient cells (Fig. 4D): about 25% of genes up-regulated by 
NEK9 KD were expressed at significantly lower levels in p53 MUT 
and KO than in WT, suggesting that these genes were down- 
regulated due to loss of functional p53 (Fig. 4E). On the other 
hand, about 20% of genes down- regulated by NEK9 KD were 
expressed at significantly higher levels in MUT and KO than in 
WT, suggesting that their expression was increased by loss of 
functional p53 (Fig. 4E). Thus, NEK9 appears to be involved in 
regulation of a wide range of signaling pathways required for 
proliferation in p53-deficient cells. 

Next, we performed a gene network analysis, using sets of genes 
affected in opposite directions by NEK9 KD and p53 deficiency 
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(Fig. 4E). This analysis revealed that NEK9 repression modulates 
multiple pathways, including receptor signaling cascades, mRNA 
processing, and cell-cycle control (Supplementary Tables 2 and 3). 
Upon NEK9 KD in p53-deficient cells, but not p53 WT cells, two 
crucial regulators of the cell cycle were differentially regulated: p21 
was up-regulated, and MAPK14 (also known as p38a) was down- 
regulated (Fig. 4F). These two factors control the cell cycle regardless 
of TP53 status^"'"^''. However, in cancer cells with p53 mutations, 
NEK9 KD modulated the expression of both factors, leading to 
cell-cycle arrest with characteristics of senescence. These findings 
reveal a novel role of NEK9: regulation of the cell cycle, via control 
of multiple genes, in cancer cells carrying p53 mutations. 

NEK9 expression in human lung cancer specimens expressing 
mutant p53. To elucidate whether NEK9 dependency occurs in 
human tumors, we next analyzed the expression of NEK9 and p53 
proteins in cancerous and non-cancerous cells in vivo by an 
immunohistochemical staining of tissue microarray. In this 
method, positive staining of p53 indicates the expression of mutant 
p53 protein^'. NEK9 signal was absent or faint in non-cancerous lung 
epithelial cells (Supplementary Figure 5A and B). By contrast, NEK9 
was frequently expressed in several types of lung cancer: 33/57 
(57.9%) of adenocarcinomas (ADC), 54/56 (96.4%) of squamous 
cell carcinomas (SQC), 23/23 (100%) of large cell neuroendocrine 
carcinomas (LCNEC), and 22/22 (100%) of small cell carcinomas 
(SCLC) (Fig. 5A). NEK9 protein was detectable in cancer cells that 
stained either positively or negatively with an anti-p53 antibody, i.e., 
again cells harboring either mutant or WT rP53, respectively. In the 
ADC and SQC samples, NEK9 staining did not correlate with either 
histological differentiation or p53 status. Notably, however, half of 
ADCs (13/26), the vast majority of SQCs (28/30), and all LCNECs 
(20/20) and SCLCs (14/14) that were positive for p53 staining also 
stained positively for NEK9 (Fig. 5B), indicating that NEK9 
dependency occurs in lung SQCs, LCNECs, and SCLCs with p53 
mutations. In addition, Kaplan-Meier analysis demonstrated that 
NEK9/p53 double-positive cases had significantly poorer 
prognoses than other cases (Fig. 5C and Supplementary Figure 
5C), suggesting that NEK9 confers a growth advantage on ADCs 
harboring p53 mutations, resulting in aggressive tumors with poor 
clinical outcomes. To extend and validate these results, we used 
microarrays to measure NEK9 mRNA levels in a different set of 76 
lung ADC samples, in which rP53 mutations were defined by exome 
sequencing (Fig. 5D, Supplementary Table 4). In addition, we used 
The Cancer Genome Adas (TCGA)"'* data to analyze NEK9 
expression levels in various cancers. As indicated in Fig. 5D and 
Supplementary Figure 5D, NEK9 mRNA was expressed at similar 
levels in ADCs and SQCs of the lung, colon, stomach, and serous 
ovarian cancers, regardless of TP53 status. Judging from these 
results, NEK9 dependency makes a considerable contribution to 
growth and/or progression of tumors harboring rP53 mutations. 

Discussion 

Through miR-22 target screening, we identified NEK9 as a crucial 
regulator of cell-cycle progression in cancer cells lacking functional 
p53. The miRNA target screen is based on unique features of 
miRNAs, which target multiple mRNAs and induce phenotypes in 
a cell type-dependent manner. In a previous study, we showed that 
miR-22 induces apoptosis in p53 WT cancer cells, but causes cell- 
cycle arrest in p53 MUT and KO cells that express CDKs and 
HDACs, critical regulators of the cell cycle that are potential targets 
of miR-22^^. Therefore, we hypothesized that specific factor(s) 
repressed by miR-22 are required for cell-cycle progression in cancer 
cells with p53 deficiencies. Consistent with this idea, our screen 
successfully identified NEK9 as a crucial factor involved in cell- cycle 
progression in p53-deficient cancer cells. 



NEK9 regulates mitotic entry by phosphorylating two other NEK 
family proteins, NEK6 and 717-20-29.30^ ^j^j ^^^^ activated sequen- 
tially by PLKl and CDKl to regulate formation of the mitotic 
spindle"" PLKl was previously identified as a factor required for 
survival of isogenic p53 KO cell lines'''. The results described here 
demonstrate that NEK9 inhibition does not affect the proportion of 
cells in G2/M phase, indicating that NEK9 is involved in molecular 
mechanism(s) distinct from those dependent on PLKl, at least in 
p53-deficient cancer cells. In fact, proliferation in p53 mutant cells 
was not specifically inhibited following knockdown of NEK6 or 7 
(Supplementary Figure 6A and B). 

NEK9 interacts with the FACT (facilitates chromosome transcrip- 
tion) complex in HeLa cells in which functional p53 is disrupted by 
a viral protein. Knockdown of FACT components inhibits progres- 
sion from Gl to S phase''\ These findings are consistent with our own 
observation that NEK9 KD caused cell-cycle arrest at Gl phase and 
modulates the global gene expression profile in p53-deficient cells. 
Furthermore, phosphorylation of NEK9 at T210, which is required 
for activation of kinase activity"", is important for the interaction 
between NEK9 and FACT". Our findings, however, demonstrated 
that expression of NEK9 T210A restored proliferation in p53 mutant 
cells, suggesting that the role of NEK9 in regulating Gl-S progres- 
sion is kinase-independent (Fig. 2G). Consistent with this, a previous 
report showed that phosphorylation at T210 and NEK9 kinase activ- 
ity are only detectable during G2/M phase, and are required for G2 
phase progression". However, the possibility that an uncharacter- 
ized phosphorylation site(s) and/or an interaction of protein part- 
ner(s) is required for the kinase activity of NEK9 to regulate the 
progression of the cell cycle from Gl to S phase in the p53-inactivated 
cells can not be excluded. Further studies are needed to clarify this 
important issue. 

A recent study demonstrated that p53 mutations exert tumor- 
promoting functions that affect cell-cycle progression and metastatic 
activity in cancer cells""". Therefore, we hypothesized that NEK9 pro- 
motes these oncogenic functions of mutant p53. However, we did not 
detect an interaction between NEK9 and mutant p53 proteins (data 
not shown). Furthermore, NEK9 KD inhibited the proliferation of 
p53 KD cells (Fig. 2B). These observations suggest that NEK9 is 
associated with proliferation and cell-cycle progression in a manner 
that does not involve a direct interaction with p53. Currently, the 
relationships between NEK9, mutant p53, and the downstream tar- 
gets of NEK9 remain unclear due to the unique functions of NEK9, 
including its kinase independent activity. Therefore, a more detailed 
analysis of NEK9 function will be required to identify the network(s) 
controlling the proliferation of p53-inactivated human cancer cells. 

Mutant p53 proteins have attracted a great deal of attention as 
potential targets for cancer therapy. Based on this idea, several 
approaches have been attempted, including allele-specific activation 
of WT p53 and restoration of WT function to mutant p53 using small 
molecules"'"*. Inhibition of NEK9 scaffolding (or NEK9 complex 
formation) and kinase functions may provide a means for selectively 
targeting cancer cells that lack functional p53; thus, our findings 
might lead to the development of novel cancer therapies. 

Methods 

Cell lines. Cell lines used for this study were obtained from the American Type 
Culture Collection (ATCC, JVIanassas, VA, USA). HCT116 p53 ' cells were kindly 
provided by Dr. Bert Vogelstein {The Johns Hopkins University, Baltimore, JVID, 
USA). Colon and pancreatic cancer cell lines were cultured in Dulbecco's Modified 
Eagle's JVIedium (DJVIEJVI) supplemented with 10% heat inactivated fetal bovine 
serum (FBS), and lung cancer cell hnes were maintained in RPMI-1640 (Gibco) 
supplemented with 10% FBS. 

Microarray analyses. Microarray analysis was carried out as described previously!^. 
Inbrief, SW480 or HCT116p53 ' cells, seeded at 5.0 X 10^ cells/ml, were transfected 
for 48 h with either miR-22 or miR-negative control (Ambion) at a final 
concentration of 5 nM using HiPerFect Reagent (Qiagen). Total RNA was prepared 
using RNeasy columns (Qiagen) and labeled with Cy3 using the Low Input Quick 
Amp labeling kit (Agilent). Microarray analysis was performed using Whole Human 
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Figure 5 | Expression of NEK9 protein in lung cancer. (A) Representative images of NEK9 and p53 double-positive lung adenocarcinoma (ADC, upper 
left pair of images), squamous cell carcinoma (SQC, upper right pair), large cell neuroendocrine carcinoma (LCNEC, bottom left pair), and small 
cell lung carcinoma (SCLC, bottom right pair). The tables below each image pair show the number of samples of each type of cancer that contained 
positively stained cells. (B) NEK9- and p53-positive cases of ADC and SQC, with histological differentiation type indicated for each case. (C) Kaplan- 
Meier survival curves comparing NEK9 and p53 double-positive ADCs versus other types of ADCs. Vertical axis indicates overall survival (OS); 
horizontal axis indicates duration (months). Statistical analysis was carried out by Wilcoxon test. (D) Levels of N£K9mRNA in human lung ADCs were 
determined by microarray analysis. TP53 mutation status was determined by whole-exome sequencing. Boxes represent the upper and lower quartiles and 
the median, and whiskers show the maximum and minimum values. 
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Genome Oligo Microarrays (4 X 44K v2, Agilent), and the data were analyzed using 
the GeneSpring GX11.5 software (Agilent). 

For the generation of mRNA expression profiles in NEK9 KD cells, SW480 cells 
were transfected with NEK9 siRNAs, total RNAs were prepared, and microarray 
analysis was carried out as described above. Network analysis was performed using 
WikiPathways (http://wikipathways.org/). 

Human tumor xenograft model. SW480 cells (derived from a p53-mutant human 
colon cancer) were inoculated at 5.0 X lO'^ cells per site on the backs of 6-week-old 
female nude mice (CLEA Japan, Inc.). in vivo-jetPEI (Polyplus Transfection)/siRNA 
complexes were prepared in a volume of 100 |j.l (1.5 nmol/site) according to the 
manufacturer's instructions, and then injected in tratumo rally into each animal five 
times at 2-day intervals. Tumor size was monitored every 2 days by measuring the 
length (L) and width (W) with calipers, and volume (V) was calculated according to 
the formula V = (L X W^) X 0.5. Tumor volume is expressed as percentage of the 
volume on the day of the first siRNA injection. The animal study protocol was 
approved by the Committee for Ethics in Animal Experimentation of the National 
Cancer Center (NCC) Research Institute, and the experiments were carried out 
according to the NCC guidelines. 

Analysis of human lung cancer samples. Surgical specimens of primary human lung 
cancer were obtained from patients treated at the National Cancer Center (NCC) 
Hospital, with documented informed consent obtained in each case. Whole-exome 
sequence analysis was carried out using the Agilent SureSelect Human All-Exon kit, 
and sequencing was performed on the lUumina HiSeq 2000 platform. TP53 mutations 
were evaluated using sequencing data. Gene expression profiles were generated using 
Agilent Whole Human Genome DNA Microarrays. NEK9 expression levels in lung 
cancer were then determined. 

Immunohistochemical analysis was conducted on tissue microarray sections 
derived from anonymized samples from patients with ADC, SQC, LCNEC, or SCLC 
of the lung who were treated in the NCC Hospital. Antibodies against NEK9 (rabbit 
monoclonal antibody, EP7361, from Epitomics) and p53 (mouse monoclonal anti- 
body, DO-7, from Dako) were used for these analyses. Institutional review board 
approval for the use of clinical samples was obtained from the NCC. 

Supplementary information. Supplementary information incudes extended 
Methods, eight figures and 5 tables. 
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